Introduction
============

Epilepsy is a common chronic neurological disorder characterized by recurrent spontaneous seizures showing paroxysmal electrical activity. A cortical imbalance between excitation and inhibition within local and large-scale networks is likely to trigger abnormal brain electrical activity and, thus, to be the pathophysiological basis for epilepsy. In models of epilepsy, either *in vitro* or *in vivo*, such imbalance can be induced in several ways. For instance, status epilepticus, i.e., seizures lasting more than 30 min, can be initiated by blocking inhibition by injecting GABA receptors antagonists, e.g., bicuculline (Jefferys and Whittington, [@B37]). In the kindling model (Morimoto et al., [@B71]), permanent increases in seizure susceptibility can be provoked by repeated, although sparse, electrical stimulation of some brain sites.

Some patients with drug-resistant focal epilepsy in whom the epileptogenic zone cannot be defined with non-invasive measures are explored using depth electrodes (stereoelectroencephalography, SEEG) and/or subdural grids and strips (electrocorticography, ECoG) (Spencer et al., [@B97]). These techniques allow to obtain data of exceptional value for studying brain dynamics in correlation with pathophysiological (Jirsch et al., [@B39]) and cognitive (Jerbi et al., [@B38]) processes. In particular, they allow measuring intracranial functional responses to assess connectivity of the human brain beyond limitations of other techniques, such as post mortem dissections (Mesulam, [@B69]), diffusion tensor imaging (Jones, [@B40]), functional magnetic resonance imaging (Roebroeck et al., [@B88]), and combination of transcranial magnetic stimulation and neuroimaging (Paus et al., [@B79]).

Since the pioneering works of Penfield and Jasper ([@B81]) performed during surgical interventions, it is also well known that direct electrical stimulation (DES) of cortical regions and axonal tracts allows a number of very specific perceptual or behavioral responses to be obtained. Despite the development of neuroimaging techniques, DES remains the gold standard for mapping brain functions, particularly regarding functional specialization whereas some interrogations remain when assessing functional integration (Mandonnet et al., [@B63]). For instance, DES of language areas performed during tumor resection induces very specific speech disturbances in awake patients (Duffau et al., [@B25]). Similarly, using subdural and/or depth electrodes implanted in epileptic patients for presurgical evaluations, various sensations, or behavioral effects elicited by DES have been reported (see below Section ["Functional Mapping of the Eloquent Cortex Using DES"](#S1){ref-type="sec"}). In addition to these functional studies, several teams have used DES either to estimate functional anatomical connectivity (Buser and Bancaud, [@B10]; Matsumoto et al., [@B66], [@B65]; Catenoix et al., [@B12]; Lacruz et al., [@B52]; Rosenberg et al., [@B89]), or to identify the epileptogenic area by searching for after-discharge thresholds (Cherlow et al., [@B16]; Engel et al., [@B27]; Chitoku et al., [@B17]) or abnormal brain responses (Valentin et al., [@B109], [@B107],[@B108]; Flanagan et al., [@B29]), and by eliciting auras (Schulz et al., [@B93]) or complete seizures (Wieser et al., [@B114]; Bernier et al., [@B5]; Munari et al., [@B73]; David et al., [@B24]). These epileptic events induced by DES are likely to occur because epileptogenic networks may be particularly prone to short-term plasticity of synaptic weights induced by DES, at least in mesial temporal lobe epilepsy (Wilson et al., [@B117]; David et al., [@B24]).

Direct electrical stimulation is thus a very powerful technique to investigate network mechanisms in epilepsy. Here, we will review how brain connectivity can be assessed from responses obtained after electrical stimulation of cortical regions in epileptic patients implanted with depth or subdural grids. We will cover neither animal studies, nor therapeutic brain stimulation (for review, see Saillet et al., [@B91]). After a brief summary of mechanisms of action of brain electrical stimulation, we will first recall the conceptual framework that is classically used in imaging neuroscience to study brain connectivity. It appears that DES studies do not fit easily in this interpretational context, because electrical stimuli are non-physiological and elicit unusual neural responses. Second, we will briefly review studies that aimed at assessing the main brain functions using DES in epileptic patients. Third, abnormal responses to DES will be reviewed in the context of the identification of the seizure onset zone. Fourth, we will show how DES can be used to study brain plasticity. Finally, we will indicate how weak stimulation can also be tailored to anticipate seizures by using properties of brain responses to DES in relation to short-term structural changes of brain networks. From this review, we will conclude that this pool of exceptional data is underexploited by fundamental research on brain connectivity and leaves much to be learned.

Mechanisms of Action of Brain Electrical Stimulation
====================================================

The effects of brain electrical stimulation within the central nervous system can be studied using neural modeling, neural recording, neurochemistry, and functional imaging (for review see McIntyre et al., [@B67]). Mechanisms of action of brain electrical stimulation are however not well understood because of the large number of intermingled processes that are initiated. Charge injection across the electrode/electrolyte (brain tissue) interface involves both capacitive and Faradaic mechanisms that interact and result in complex electrochemical reactions (Merrill et al., [@B68]). In view of this complexity, the choice of electrode material and geometry, and of stimulating patterns is crucial. One method that is commonly used for functional electrical stimulation of excitable tissue is the current-controlled method, in which a current source is attached between the working and counter electrode. Of considerable importance is the shape of current pulses. Specifically, it has been shown that monophasic pulses induce more tissue damage than biphasic pulses (Piallat et al., [@B83]), and should thus be avoided for long periods of stimulation. However, monophasic pulses are more efficient to initiate action potentials (Merrill et al., [@B68]), and are commonly used for short trains of stimulation in patients implanted with depth electrodes (Valentin et al., [@B109], [@B107],[@B108]; Catenoix et al., [@B12]; Zumsteg et al., [@B121],[@B122]; David et al., [@B24]; Flanagan et al., [@B29]; Rosenberg et al., [@B89]). Biphasic pulses are nonetheless also used for acute stimulation by several teams (Wilson et al., [@B115], [@B117]; Zangaladze et al., [@B118]; Jacobs et al., [@B35]).

It is now commonly accepted that the primary targets of intracerebral electrical stimulation are (large myelinated) axons, and not cell bodies (Nowak and Bullier, [@B75],b; Holsheimer et al., [@B33]; Kiss et al., [@B48]), and in particular that the initial segment of axons is the most excitable element recruited by electrical stimulation (Rattay, [@B86]). This has important implications for functional connectivity studies of DES responses. Indeed, both orthodromic and antidromic action potential propagation, which activates respectively the output and input structures of the stimulated area, can be observed. Also, one cannot completely exclude the activation of en passant fibers (axonal tracts), in particular when small deep nuclei are stimulated with strong currents. It is thus clear that localized microstimulation has remote effects, in addition to local ones. This is well documented from intracranial recordings that are specifically reviewed here, but also from functional imaging (Zonenshayn et al., [@B119]; Tolias et al., [@B104]; Canals et al., [@B11]).

Intracranial measurements of electrophysiological responses to DES are thought to capture mainly postsynaptic potentials resulting from indirect mono- or poly-synaptic cell activation (Jankowska et al., [@B36]) and thus provide a very interesting window on functional connectivity. However, there is an important limitation to this technique: DES delivers non-physiological stimuli and may activate pathways in an unusual way, e.g., antidromically. Therefore, because DES causes patterns of activation that may be different than natural neural activity, there will always be a potential indeterminacy in assessing true directionality of anatomo-functional connections identified with this technique. In other words, results of DES alone cannot be used to unequivocally establish that a given structure is naturally involved in a given function, despite DES of this structure has specific effects on that function. Empirically though, DES studies give invaluable insights into brain function and brain connectivity.

Concepts of Brain Connectivity in the Context of DES Studies {#S2}
============================================================

Historically, behavioral consequences of localized brain lesions and biophysical measures of brain responses to various stimuli helped define what is now accepted as *functional specialization* of brain regions. This has led to localizationist theories of brain functions, but functional specialization is obviously not limited to location, because dense interregional connectivity makes any region of the brain part of an extended network (Sporns et al., [@B98]). Adhering to the principle of functional specialization thus does not necessarily imply that any function can be localized in a single area. Conversely, a single area may support different functions depending on its different connections.

For clarity, we will adopt the following definition:

Definition 1. A brain region participates in a brain function if a change in its activity is correlated to a change in that function, as assessed by subject\'s perception or behavior.

Note that this definition may be difficult to address experimentally if unconscious, or weakly observable, processes take place. In the context of DES studies, one could think of:

Corollary 1.1. A change in subject\'s perception or behavior induced by DES of a brain region indicates the functional specialization of that region.

This view of DES as a means to demonstrate functional specialization of specific brain regions predominates in the literature, and has proved to be very useful for functional neurosurgery of eloquent cortex. However, as perfectly reviewed in (Mandonnet et al., [@B63]), since each area responsive to stimulation is in fact an input gate into a large-scale network rather than an isolated discrete functional site, DES may lead to interpretations that a structure is crucial because of the induction of a transient functional response when stimulated, whereas this effect is caused by the backward spreading of neuronal waves to another essential area. This might explain, at least in part, why apparently similar electrically induced symptoms can be elicited by distant areas (Mulak et al., [@B72]). An important modification to Corollary 1.1 is therefore required:

Corollary 1.2. A change in subject\'s perception or behavior induced by DES of a brain region indicates the functional specialization of *a large-scale network* of which that region either is an input/output or a part.

Though the physical effects of DES are very focal (\<5 mm), "physiological" effects of DES clearly suggest that functional specialization is only meaningful in the context of functional integration. In DES experiments, the stimulated point is only an input gate into a large distributed network. As suggested by others (Mandonnet et al., [@B63]), one should forget about distinct localizationist and connectionist models and shift toward a theory that integrates these two when analyzing how DES works.

Functional integration is quantified using measures of *functional connectivity* which can be thought of as an extension of *functional specialization* in which the activity of a brain region is no longer correlated to an extrinsic measure (behavior or perception), but to the activity of one, or more, other brain regions:

Definition 2. Two regions are functionally connected if their activities co-vary.

In the context of mechanisms of action of DES, this can be rephrased as:

Corollary 2.1. Brain regions showing specific responses to DES of a brain region are functionally connected to it, *or* send axonal tracts passing through this region.

Corollary 2.1 clearly indicates that there is an inherent indeterminacy in the interpretation of connectivity results from DES experiments, which may not appear at first sight of the standard Definition 2 of functional connectivity. This has to be kept in mind for the following of this review.

Note also that, according to Definition 2, functional connectivity depends on how brain activity is defined (raw local field potentials, firing rate, etc.) and also on the measure of correlation, or covariation, of this activity. Therefore, there are as many measures of functional connectivity as ways of defining covariations between variables (for reviews see Quian Quiroga et al., [@B85]; David et al., [@B20]; Wendling et al., [@B113]). Approaches can rely on linear or non-linear metrics, can be bivariate (e.g., simple linear correlation) or multivariate (e.g., multivariate autoregressive models), and can account for time delays if necessary. An important distinction concerns statistical models versus biophysical models. Statistical models consider brain time series as any time-embedded process, and compute standard measures of interactions. Historically, they clearly predominate. Biophysical models are marginal and recent in comparison, but have the interesting feature to give access to variables that are neuronally interpretable (e.g., synaptic efficacy). This class of models includes dynamic causal models (DCM) (Friston et al., [@B30]; David et al., [@B22]).

In theory, functional connectivity does not necessitate *anatomical connectivity*. For instance, it has been shown in rat hippocampal slices bathing in low-Ca^2+^ solution that extracellular diffusion, most probably of potassium, was sufficient to synchronize anatomically unconnected populations of neurons and propagate low-frequency epileptiform activity (Lian et al., [@B57]). However, in the context of cortical electrical stimulation, we will assume functional connectivity is implicitly supported by anatomical connectivity, by the means of direct or indirect pathways.

Functional Mapping of the Eloquent Cortex Using DES {#S1}
===================================================

Direct electrical stimulation has been extensively used in epilepsy, and a few other neurological disorders such as Parkinson\'s disease, for mapping of normal functions in the human brain. For epilepsy resective surgery, the main goal of DES is to identify the eloquent cortex, i.e., crucial functional regions to be spared by surgery.

One must be careful when assessing the effect of DES of epileptic cortices, because of possible structural changes that may have occurred in the lead-up or in response to repeated seizures. However, not every part of the brain studied by intracerebral or subdural electrodes is pathological (Lachaux et al., [@B51]), and DES results in epileptic patients have revealed the same somatotopic organization of the primary sensori-motor areas as in healthy brains, as well as congruent findings with those coming from functional magnetic resonance imaging studies in normal volunteers (Lobel et al., [@B60]). However the physiological significance of DES should be questioned when the stimulation is applied inside or at the vicinity of an epileptogenic lesion, or when it elicits after-discharges, i.e., electroencephalographic seizures evoked in response to cortical stimulation.

Largely for historical reasons, the commonly applied method of stimulation for functional mapping consists of using 3--20 s trains of constant current 50--60 Hz biphasic square wave pulses of 0.2--1 ms duration, at current intensity (∼\<10 mA) set below the threshold for evoking after-discharges (Penfield and Jasper, [@B81]; Luders et al., [@B61]). High frequency stimulation elicits both positive behavioral response (e.g.*,* muscle contraction) and negative response (e.g., speech arrest). However, a number of brain areas seem to be "silent" after DES, which does not mean lack of function of those regions because subtle cognitive or behavioral changes can be missed. Recently, it has been demonstrated that stimulating at low frequencies (5--10 Hz) may be as effective for functional mapping, with the significant benefit of reducing the tendency of electrical stimulation to produce after-discharges (Zangaladze et al., [@B118]). In contradiction, DES at lower frequencies (1 Hz) would be of special interest for eliciting seizures (Munari et al., [@B73]). Whatever the frequency used, the electrical field produced by DES depends on other stimulation parameters such as the pulse duration and current intensity, and bipolar DES produces a more localized current distribution than unipolar stimulation (Nathan et al., [@B74]).

Below, we will briefly review DES assessment of sensorimotor and language processing, which are the systems most commonly investigated by DES. In principle, numerous other processes can be examined, such as verbal memory (Ojemann, [@B77]), spatial cognition, experiential auras, mental rotation (Thiebaut de Schotten et al., [@B103]), limbic responses (Elliott et al., [@B26]), out-of-body experiences (Blanke et al., [@B6]), and dreamy state phenomena (Vignal et al., [@B112]). For completeness, note that an exhaustive review focused very recently on perceptual and behavioral phenomena induced by DES in human beings (Selimbeyoglu and Parvizi, [@B94]).

Sensorimotor processing
-----------------------

The classic work of Penfield and Boldrey ([@B80]) brought evidence in humans that cortical maps representing body parts (somatotopic maps) could be found in the primary motor and sensory cortices. In addition to body parts, it was proposed recently to map the motor cortex with DES as a function of behavioral repertoire (Graziano and Aflalo, [@B31]). The specific contribution to motor control of the different medial premotor areas was also evaluated using DES, including supplementary motor area (SMA), pre-SMA and cingulate motor area (CMA) (Lim et al., [@B59]; Luders et al., [@B62]; Chassagnon et al., [@B15]; Sumner et al., [@B101]). These studies particularly suggest that SMA and pre-SMA are strongly involved in motor inhibition. DES was also very useful to delineate human frontal eye fields in BA6 (Blanke et al., [@B7]; Lobel et al., [@B60]) and to examine cortico-spinal connectivity and muscle contraction during voluntary movement (Ikeda et al., [@B34]; Szelenyi et al., [@B102]).

Regarding sensory processing, early attempts discovered the possibility to obtain olfactory, gustatory, auditory, and somato-sensory responses to DES, Recently, the temporo-peri-Sylvian vestibular cortex was described in human from DES (Kahane et al., [@B42]) and DES of the insula was reported to be able to elicit pain (Afif et al., [@B1]). Visual responses to DES in the occipital lobe are common but vary according to stimulated areas and range from simple to complex visual form, color, and illusions (Lesser et al., [@B55]; Puce et al., [@B84]; Lee et al., [@B54]).

Language processing
-------------------

Direct electrical stimulation for language mapping in pharmacologically intractable epilepsy patients undergoing resection of epileptogenic cortex in the language dominant hemisphere has been widely and successfully used to diminish the probability of occurrence of language decline following the surgery. Because of response specificity, the tasks chosen to evaluate the effect of DES on language processing are critical. For instance, DES may induce speech arrest during counting in only 1/3 of all positive sites (i.e., sites where DES affected task performance) identified using other tasks such as naming or reading (Hamberger, [@B32]). It is therefore important to test in each patient several tasks, which incidentally makes DES very useful to identify individual components of language processing and their neural correlates. Hence, tasks such as visual or auditory object naming, automatic speech (e.g.*,* counting), writing and reading were used to map language functions distributed in the frontal--temporal--parietal language network. Word retrieval was associated with posterior temporal lobe stimulated sites (Hamberger, [@B32]; Mani et al., [@B64]), whereas more anterior sites were involved in semantic processes *per se* (Sharp et al., [@B95]; Boatman and Miglioretti, [@B9]; Trebuchon-Da Fonseca et al., [@B105]) and speech production (Afif et al., [@B2]).

DES as a Tool for Revealing Neuroanatomical Pathways
====================================================

The vast majority of literature devoted to functional connectivity studies using cortical electrical stimulation in epileptic patients (Wilson et al., [@B115]; Catenoix et al., [@B12]; Lacruz et al., [@B52]; Rosenberg et al., [@B89]) considers DES as an efficient way to estimate which brain regions are anatomically connected to the site of stimulation. Responses to DES usually consist of a sharp deflection followed by a slow wave (Lacruz et al., [@B52]). Estimation of neuroanatomical pathways is performed by (i) the detection of sites showing such a response to the stimulation (by looking at amplitude variations above a threshold defined according to baseline level); (ii) the measure of first peak latency to estimate roughly whether anatomical connections are direct or indirect. Methodology is thus typically limited to quantifying amplitude and delay of DES-evoked responses. Our recent study, discussed in a following section (David et al., [@B24]), went beyond this by using biophysical modeling of intracranial data to assess brain connectivity from responses to DES.

Because patients suffering from mesial-temporal lobe epilepsy are good candidates for resective surgery, they are commonly explored with depth electrodes, located in temporal limbic regions and also in suspected regions of seizure propagation such as temporal, insular, and frontal neocortex. As a consequence, functional anatomical connectivity of the temporal and of the frontal lobes is extensively discussed in the DES literature.

In Wilson et al. ([@B115]), connections within the human mesial temporal lobe were investigated using brief, single pulses of electric stimulation of 8 different limbic areas in 74 epileptic patients. Biphasic, rectangular pulses of 100 μs/phase duration were delivered at a rate of 0.1 Hz or less, with currents ranging from 0.25 to 5.0 mA. Specific measures included response probability, amplitude, latency (first peak detection) and conduction velocities (estimated distance between targeted stimulation and recording site divided by the onset response latency). Evoked responses were obtained in amygdala, entorhinal cortex, presubiculum, hippocampus, and parahippocampal gyrus. The authors were able to differentiate fast pathways (perforant path connecting entorhinal cortex to anterior hippocampus; 4.4 ms conduction delay and 3.64 m/s conduction speed) from slow pathways (connection between amygdala and middle hippocampus; 24.8 ms and 0.88 m/s). In addition, from the absence of contralateral responses to the stimulation of the mesial temporal structures, they did not find a functional contralimbic projection in the human brain, which appears consistent with reduced hippocampal commissural connections in lower primates as compared to lower animals.

In (Lacruz et al., [@B52]), functional anatomical connectivity between frontal (medial, lateral, and orbital) and temporal (entorhinal, medial, and lateral) lobes has been described extensively using brain responses to 1 ms single pulses, delivered every 10 s at current intensity ranging between 4 and 8 mA, obtained in 51 epileptic patients implanted with subdural and depth electrodes. The measured variables were the presence or absence of early responses at different recording sites when stimulating each location and the latency of contralateral responses. Anatomical functional connections were assessed by quantifying the number of electrodes showing evoked responses. Contralateral temporal connections were found to be rare (\<9% of stimulated hemispheres), as in (Wilson et al., [@B115]). This appeared distinct to interhemispheric frontal connections, which were faster and more common (\>57% of stimulated hemispheres). Intralobar connections were frequent, either in the temporal (\>67% of stimulated hemispheres) or in the frontal (\>78% of stimulated hemispheres) cortices. In addition, ipsilateral connections from frontal toward temporal cortices were found to be more prominent than in the opposite direction. Because of limited spatial sampling, but also of physiological limitations such as attenuation of the signal in polysynaptic pathways and the recruitment of inhibition, these connectivity figures should be regarded as the lower limit of the true functional connectivity.

Using single pulses (3 mA current intensity, 1 ms duration, 0.2 Hz frequency), Catenoix et al. ([@B12]) were the first to describe orbitofrontal cortex responses following electrical stimulation of temporomesial structures in humans, in a small group of three patients. They found a long latency of the main response (222 ms on average) that suggested a polysynaptic projection of the hippocampus to the orbitofrontal cortex. In the absence of strong hippocampal commissural pathway in humans (Wilson et al., [@B115], [@B116]), these results strongly support the existence of a temporal frontal pathway for the interhemispheric propagation of mesial temporal seizures (Lieb et al., [@B58]).

Using the same stimulation protocol, this team recently published an extension of this work on temporal frontal connections, where the focus was on reciprocal thalamocortical connectivity of the medial pulvinar (PuM) estimated in seven epileptic patients implanted with thalamic and cortical electrodes (Rosenberg et al., [@B89]). Cortical-evoked potentials to PuM stimulation were recorded from all explored cortical regions, except striate cortex, anterior cingulate, and postcentral gyrus. Response rate was high, and ranged from 80% in temporal neocortex, temporoparietal junction, insula, and frontoparietal opercular cortex to 34% in mesial temporal regions. Reciprocally, PuM responses were observed following cortical stimulation, with response rate ranging from 14% (insula and frontoparietal opercular cortex) to 76--80% (temporal neocortex and mesial temporal regions). From these findings, it is clear that there exist functional pathways between thalamic medial pulvinar nucleus and numerous cortical regions, with preferential and fastest pathways that interconnect the PuM with the temporal neocortex, the temporoparietal junction and the insulo-opercular region. This explains why PuM is involved in most of temporal and insular lobe seizures (Rosenberg et al., [@B90]). These results agree with data gathered in non-human primates, except for the important connectivity between pulvinar and hippocampus in primates. Another important point is the unexpected imbalance between some reciprocal pathways (with the insula, notably), which could not be found using magnetic resonance tractography for instance (Behrens et al., [@B4]), whereas the connections between the major sensory thalamic relay nuclei and cortex are considered as "reciprocal" (Steriade et al., [@B99]).

DES as a Tool for Revealing Epileptogenic Networks
==================================================

Single pulse (Valentin et al., [@B109], [@B107],[@B108]; Flanagan et al., [@B29]), paired pulse (Wilson et al., [@B117]), and repetitive (i.e., trains of pulses) (Buser and Bancaud, [@B10]; Kahane et al., [@B44], [@B43]; Landré et al., [@B53]; Kalitzin et al., [@B46]) stimulation have been shown to be useful in localizing the seizure onset zone in patients suffering from various forms of focal epilepsy.

Epileptic responses to single pulses or to short trains of pulses
-----------------------------------------------------------------

In a series of papers (Valentin et al., [@B109], [@B107],[@B108]; Flanagan et al., [@B29]), Alarcón and colleagues classified responses to single pulses into three types: (i) "early responses" composed of a sharp wave often followed by a slow wave, which is ubiquitous and reflects normal processes. This is the type of response exploited for anatomical functional studies and discussed so far in this review; (ii) "delayed responses" that resembles an epileptiform discharge occurring later than 100 ms after stimulus, thus indicating polysynaptic processes. They are thought of as pathological responses generated by areas of seizure onset; (iii) "repetitive responses" that look like early responses, but with longer lasting oscillations which may be initiated by reverberating loops. In fact, they are similar to damped oscillations that can be obtained with neural mass models with connectivity parameters tuned so as to be just below the threshold of stability, e.g., with strong intrinsic excitatory efficacy or feedback connections (David et al., [@B21]).

Recently, Gotman and colleagues studied the effects of another standard type of stimulation, i.e., short trains of high frequency pulses, in patients having either mesiotemporal or neocortical seizure onset zones (Jacobs et al., [@B35]). They found that the sites showing interictal high frequency oscillations (HFOs -- ripples, 80--250 Hz; fast ripples, 250--500 Hz), thought to be linked to seizure onset (Jirsch et al., [@B39]), were the same as those showing after-discharges or seizures elicited by electrical stimulation (bipolar biphasic 60 Hz stimulus, pulse width = 0.5 ms, 3--4 s duration, electrical currents \<2 mA in mesial temporal and \<10 mA in neocortical regions), especially in neocortical regions.

Plasticity of epileptogenic networks induced by repeated electrical stimulation
-------------------------------------------------------------------------------

Delayed, repetitive and HFO responses directly point toward the idea that epileptogenic networks are hyperexcitable. In addition, there is evidence that epileptogenic networks are prone to exhibit fast structural modifications via the reorganization of synaptic weights: From *in vitro* and *in vivo* animal studies, it is well known that repeated electrical stimulation may induce massive reorganization of brain networks, particularly in the hippocampus (Bliss and Lomo, [@B8]). In humans, although long-term potentiation cannot be easily demonstrated because of lack of experimental possibilities, it has been possible to identify short-term plasticity effects.

The most standard, but not unique, paradigm of stimulation to study short-term plasticity is paired-pulse stimulation. Paired-pulse stimulation detects excitability changes on the assumption that the first (conditioning) stimulus acts to recruit recurrent excitatory or inhibitory activity, which affords detecting facilitatory or suppressive effect upon the response to the second (test) stimulus. Paired-pulse inhibition is thought to reflect changes of presynaptic release probability and the influence of recurrent inhibition (Zucker and Regehr, [@B120]). Analyzing the different patterns of paired-pulse facilitation and paired-pulse inhibition may also give some insights for distinguishing neuronal drivers from neuronal modulators (Reichova and Sherman, [@B87]). In mesial temporal lobe epilepsy (MTLE), paired-pulse induced changes of synaptic and intrinsic excitability are usually more easily observed in the hippocampus than in the neocortex (Koch et al., [@B50]). *In vitro* experiments (Feng et al., [@B28]) allowed to gather more information about neuronal mechanisms involved. Modulation of NMDA or kainate receptors, the receptor type depending on the structures involved, was systematically found to be associated with electrically induced short-term plasticity in epilepsy. As shown by using trains of stimuli at different frequencies (Feng et al., [@B28]; Schiller and Bankirer, [@B92]), short-term plasticity is frequency-dependent and can be either inhibitory or excitatory. When repetitive stimulation has an anti-epileptic effect, this effect is mediated mainly by short-term synaptic depression of excitatory neurotransmission (Schiller and Bankirer, [@B92]).

In MTLE patients, *in vivo*, a significantly greater paired-pulse suppression has been observed in epileptic regions, by comparing the epileptic hemisphere to the contralateral intact hemisphere in 20 patients (Wilson et al., [@B117]). Hippocampal pathways and perforant path responses located in the epileptogenic lobe showed greater paired-pulse suppression of population post-synaptic potentials. These authors derived from these responses interesting hypotheses about adaptive enhanced inhibition to inhibit seizures produced by abnormal recurrent excitatory circuits. In other words, increased short-term plasticity has been interpreted as a functional consequence of the formation of abnormal recurrent inhibitory and excitatory pathways in the sclerotic hippocampus.

By analyzing the preictal modulation in time of the shape of responses evoked by 1 Hz stimulation in twenty MTLE patients, we have shown that the seizure onset zone was particularly likely to show fast changing evoked responses to DES, even of remote areas (David et al., [@B24]). In this study, we have first developed a pure data-driven analysis to illustrate that short-term plasticity could be quantified easily for clinical purposes. However, this type of data analysis, which is commonly used in DES studies, is very limited for the explanation of the underlying neural mechanisms. In a second step, we moved further and showed how synaptic plasticity could be explicitly modeled using generative models of local field potentials (David et al., [@B21]). We used dynamic causal modeling (DCM) (David et al., [@B22]) and assumed different possible neural network configurations within the temporal lobe, with some connections expressing synaptic plasticity via a modulation of their weight between successive stimulations. After parameter estimation (intrinsic neural parameters and coupling between regions) from measured evoked responses and Bayesian model selection (Penny et al., [@B82]), we were able to estimate the general architecture of stimulated temporal networks, and to demonstrate that observed modification of the shape of evoked responses to DES was sufficiently explained by a modulation of excitatory efficacies within temporal lobe circuitry.

For instance, in two patients stimulated in the amygdala who showed a strong increase of the amplitude of responses in the anterior hippocampus a few stimulations before the seizure onset, an increase of effective connectivity between the temporal pole and the anterior hippocampus was found. This pathway is supported by human anatomical studies showing that the hippocampus receives afferents from all over the anterior temporal cortex and an amygdala-temporal fascicle that originates at the rostrolateral surface of the amygdala and specifically connects to the temporal pole (Klingler and Gloor, [@B49]; Chabardes et al., [@B13]). Furthermore, it is known from visual analysis of SEEG recordings that the temporal pole is a determinant structure, concomitantly with the hippocampus, during the onset of seizures in temporal lobe epilepsy in many patients (Kahane et al., [@B41]; Chabardes et al., [@B14]). The results obtained from this small DCM study call for an interpretation of the genesis of a certain type of mesial temporal lobe epilepsy as a preictal increase of the hippocampal afferents coming from the temporal pole, which could be triggered by the amygdala. This putative type of mesial temporal lobe epilepsy remains to be fully characterized.

It is important to develop further models of DES to better understand the network mechanisms of action of this type of stimulation. Among the different lines of research, a possibility is to extend the current DCM framework (Daunizeau et al., [@B18]) and, under due consideration of the limits of statistical inversion, represent different neurobiological mechanisms of synaptic plasticity more explicitly, such that their relative importance can be disambiguated by model selection. Since aberrant plasticity is a central pathological mechanism in many brain diseases, and particularly epilepsy, developing *plastic* DCMs that can distinguish between different aspects of synaptic plasticity has an interesting potential for establishing physiologically interpretable diagnostic markers. As an academic exercise, we have made an early attempt in this direction by proposing a reinterpretation of short-term plasticity induced by 1 Hz DES in the context of autopoietic theory (Varela et al., [@B111]; David, [@B19]). This deserves to be pursued.

Active Anticipation of Seizure Using DES
========================================

Brain networks are very complex and generate spontaneous brain dynamics that are difficult to understand fully. In the recent years, emphasis has been put on synchronous oscillations which have been proposed to support large scale integration during cognitive processes (Varela et al., [@B110]). Another interpretation of transient features of brain dynamics correlated to behavior, or thoughts, has generalized and extended frequency-specific synchronization using tools from non-linear physics that embed brain signals in a multidimensional "state space." Successive transient synchronization of brain activity may then be thought of as the evolution of the system through a temporal sequence of different local attractors segregated in that state space (Tsuda, [@B106]). This latter theoretical framework is interesting for reading epileptic signals because a seizure is characterized by hypersynchronous and non-linear oscillations, two properties that are well captured by the formalism of non-linear dynamics. Briefly, transient hypersynchronicity corresponds to the transition of the state of the system from a region of high-dimensional chaos toward a low-dimensional attractor, the shape of which depends on the kind of non-linearity of the signals. Thus a seizure can be interpreted as a transition of the brain states from a succession of high-dimensional "physiological" states toward a low-dimensional "epileptic" state. It is important to question what sorts of dynamics govern that transition.

In the previous sections, we have shown that repetitive stimulation using strong current intensity (\>1 mA) was able to initiate after-discharges and complete seizures (David et al., [@B24]), possibly by the means of short-term plasticity mechanisms in brain networks. These seizures then represent transitions due to shifts in one or more parameters of the system. These parameters, e.g., synaptic efficacies, are structural in the sense that they govern dynamic responses of the brain, e.g., evoked responses to a brief stimulation (David et al., [@B23]). If the preictal modifications of the parameters show a slow time evolution which can take several minutes, hours or days, analyzing dynamical properties of the brain to a stimulation is a way to reveal structural modifications. In principle, it can thus be used to anticipate seizures.

Stimulation-based seizure anticipation, reviewed in (Kalitzin et al., [@B47]), has been proposed by Lopes da Silva and colleagues. Early trials were based on photic stimulation in patients having photosensitive epilepsy (Kalitzin et al., [@B45]; Parra et al., [@B78]). This was followed by an experimental validation using intracerebral stimulation of the hippocampus in six patients (Kalitzin et al., [@B46]) and by simulations (Suffczynski et al., [@B100]). They used intermittent pulse stimulation (0.5--1 mA; 0.1 ms pulse width; trains of 5 s duration) in the frequency range 10--20 Hz and quantified the responsiveness of neural networks using a quantitative measure of spectral phase demodulation called the relative phase clustering index (rPCI). Although seizures could not be anticipated precisely, regions showing high interictal rPCI correlated with the seizure onset zone. Measurements of the modulation of neural synchronization of brain networks by the means of electrical stimulation are thus potentially an interesting approach for seizure anticipation techniques. More clinical trials are needed to better evaluate the specificity of such findings.

Conclusion
==========

In this review, we have tried to show the multiple possibilities of DES to study network mechanisms in epilepsy. They mainly relate to the opportunity to identify, in the human brain, epileptogenic and plastic network properties, in addition to *oriented* neuroanatomical pathways, which is unique. Strikingly, these exceptional data have not yet been the object of many methodological studies, possibly, at least in part, because of ethical aspects that cannot be underestimated. This let us suppose that many interesting features regarding brain connectivity remain to be discovered from DES data, should adequate signal analysis techniques be applied to them, and experimental protocols be not deleterious for the patients.

Though we have not reviewed extensively this issue here, there are actually very few DES studies that combine direct stimulation and recordings of cortical activity during fluctuations of resting state, cognitive tasks and/or behavioral evaluations (e.g., Sinai et al., [@B96]; see for review Selimbeyoglu and Parvizi, [@B94]). Among them, an attempt was made to decipher brain connectivity in an epileptic patient during vivid memory recollection following perirhinal DES (Barbeau et al., [@B3]). This study showed that there was a widespread (between limbic and visual brain areas) theta synchronization quantified using cross-correlation analyzes. Another recent advance on DES mechanisms and their relationship to local physiological brain states was made (Lesser et al., [@B56]). These authors showed that spontaneous brain electrical activity at the moment of DES delivery could be predictive of an after-discharge occurrence that was often restricted to sites belonging to the same functional network (motor, sensory, or language) as the site of stimulation. Therefore, these authors speculated that similar rapid variations may occur during normal intracortical communication and may underlie changes in the cortical organization of functions. A potentially very interesting line of research for the coming years would thus be exploit further this hypothesis and to examine (i) how the perceptual and behavioral effects of DES may vary according to the undergoing cognitive task, (ii) how functional connectivity is affected after DES is applied during various cognitive tasks and (iii) how resting state connectivity at the moment of DES delivery might predict DES effects, both at the behavioral and electrophysiological levels.

Because they allow transient modifications of brain dynamics, DES studies can investigate short-term plastic network properties of several systems in a limited amount of time. Under the hypothesis that epileptogenic networks are hyperexcitable, and thus prone to exhibit short-term plasticity, plasticity analysis of DES responses is potentially a very powerful clinical tool to quickly identify epileptic foci (David et al., [@B24]). Thus, DES studies go well beyond lesion studies performed in animals or in stroke patients. However, they present some important limitations for connectivity analyses: though perceptual, behavioral, and epileptic phenomena can easily be induced by DES in human beings (Kahane et al., [@B43]; Selimbeyoglu and Parvizi, [@B94]), the use of macroelectrodes precludes the precise control of the mechanisms by which neurologists or neurosurgeons interact with patients' brain. For instance, it is difficult to evaluate in what exact proportions antidromic and orthodromic propagation take place, or if observed effects are mainly mediated by the activation of local neuronal populations, or by the stimulation of en passant fibers that target distributed remote regions. These experimental limitations are crucial regarding the key concepts of functional brain mapping that underlie the way we analyze recorded data (see above Section ["Concepts of Brain Connectivity in the Context of DES Studies"](#S2){ref-type="sec"}). In that respect, DES studies differ from other functional studies because they elicit unusual brain responses mediated by the means of unusual input gates to the human brain. This is something that has to be kept in mind when anatomical, functional, or computational models of the brain are derived from the DES literature. In terms of biophysical modeling of DES responses, the experimental uncertainty summarized in Corollary 2.1, i.e., in a given experiment does DES target local neuronal populations or en passant fibers?, must be taken into account. For instance in the framework of DCM, this could correspond to loose priors on how DES input perturb the system, i.e., on the extrinsic connectivity matrix (David et al., [@B24]). Hopefully, in addition to these theoretical considerations, new data coming from the optogenetic literature in animals (Miesenbock, [@B70]) will shed new light on how one can model human brain connectivity from DES responses.
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